There are large discrepancies in the measured concentrations of carbon in the ferrite and austenite within nanostructured bainite and carbide-free bainitic steels in general. The concentrations are usually measured on the basis of lattice parameters determined using X-ray diffraction, lattice imaging in transmission microscopy, or using the atom probe technique, i.e., time-of-flight mass spectroscopy. We examine here a number of difficulties with these methods and assess the role of defects, crystal symmetry and the heterogeneous distribution of carbon in interpreting the experimental data. Issues where experimental and theoretical work is needed are identified.
Introduction
The carbon concentration of austenite and ferrite in steels is determined routinely by measuring the lattice parameters using X-ray diffraction, and then using a variety of empirical equations [1] [2] [3] [4] [5] [6] [7] [8] that express the parameters as a function of the carbon concentration. There is some confidence in these equations since for austenite the parameters are from equilibrium microstructures [1, 2] , and because there is good agreement between atomistic modelling and the measured parameters of martensite in Fe-C systems [9] . However, there are many examples in the published literature on mixtures of bainitic ferrite (α b ) and austenite (γ) where the concentrations determined in this way often do not satisfy a mass balance, leading to the inequality:
where the small density difference between the α b and γ is neglected, x is the average concentration of carbon in the steel; x α b and x γ are the corresponding concentrations in austenite and ferrite respectively. V γ is the volume fraction of austenite so it follows that for a two-phase microstructure, 1 − V γ is the ferrite volume fraction. In fact, the term on the left-hand side of the equation is often much less than x. For example, it is reported [10] that with V γ = 0.29 ± 0.02, x α b = 0.66 ± 0.24 at%, x γ = 8.3 ± 2.7 at% and x = 4.34 at%, about 1.5 at% of carbon is unaccounted for if equation 1 is applied. Taking the most pessimistic values of the error bars in the measurements, the range of concentration unaccounted for is 0.31-2.5 at%. These measurements are atom-probe data on nanostructured bainite, a two-phase mixture of austenite and bainitic ferrite. There may be difficulties with the atom probe technique for carbon, but the uncertainties reported [11, 12] in fact lead to an overestimation of the carbon concentration and hence do not resolve the difficulties highlighted here. Whilst this aspect is not the focus of the current paper, it is noted that there exist dedicated studies in the literature that address the issues surrounding detection and analysis of carbon in steel using both voltage-pulsed and laser-pulsed atom probe techniques [11, [13] [14] [15] .
Other data based on X-ray diffraction show the same level of discrepancy, ranging from 0.93-1.61 at% of carbon [16, 17] and the problem is not limited to the references quoted here.
The purpose of this note is to understand the origin of these discrepancies. The focus will be on nanostructured bainite, usually formed by phase transformation at about 200
• C, where the most comprehensive data exist. * * When bainite is formed by partial isothermal transformation and then cooled to ambient temperature, some of the residual austenite may transform into martensite. In the present work, the only data analysed are those consisting of two-phase mixtures of bainitic ferrite and retained austenite. We note also that very small particles of carbides have been detected using the atom probe [18] but they are not apparent in X-ray diffraction patterns, and not seen using transmission electron microscopy, so they are likely to represent an insignificant phase fraction.
Density change due to dislocations
It is now well-established that bainitic ferrite is supersaturated with carbon when the concentration is assessed with respect to the conventional α b /γ phase equilibrium, and that some of the excess carbon is trapped at dislocations (x ρ α b
) and other defects [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . However, experiments where the distribution of carbon is studied in detail show beyond doubt that a substantial concentration is present in solid solution (x ss α b ) in nanostructured bainite [10, 27, 28] and in spite of prolonged heat treatment where carbon is mobile [29, 30] .
Cottrell and Bilby [31] proposed that an estimate of the number of impurity atoms required to saturate a dislocation can be made by equating the volume changes due to the impurity atoms and that due to the dislocation strain field. Although the estimate is not strictly accurate due to core effects [32] , it is argued here that if such cancellation occurs then x ρ α b does not contribute to lattice expansion; only the carbon x ss α b in solid solution would lead to lattice expansion and hence be measurable by X-ray diffraction that relies on lattice parameter measurements. Trapped carbon is present in regions of the lattice that already are dilated due to the strain field of the defect [33] , thus contributing much less to expansion than when placed in the perfect lattice.
The concentration x ρ α b is calculated approximately by considering the change in density due to the introduction of dislocations into a crystal. It is important to note that although there is a decrease in density, the dislocations do not cause a change in the lattice parameter. This volume expansion caused by dislocations is given by [33] :
where δv is the volume expansion per unit length of dislocation, and Ω = 4b 3 /3 3/2 is the atomic volume in a body-centred cubic crystal. It follows that Γ ln{R/r 0 } is the volume change per atomic volume Ω, due to a dislocation of length equal to the magnitude of the Burgers vector b, r 0 is the dislocation core radius, and R is outer radius, the effective distance to which the strain field of the dislocation extends. For a body-centred cubic crystal of iron, Γ has been derived to be in the range 0.3-0.38 depending on the screw or edge character of the dislocation [33] .
The relationship between the dislocation density ρ and R depends on how effectively the dislocation strain fields are screened by interactions. Since the dislocations in bainite are not in ordered arrays, the screening should be small. It is assumed therefore that R will be equal to the mean lineal intercept within a bainite platelet. Given that the true thickness of nanostructured bainite is 20-40 nm [34] , and since the mean lineal intercept for a plate shape is twice the true thickness [35] , R = 40-80 nm.
When carbon is inserted into otherwise perfect ferrite, the cubic cell with lattice parameter a c changes into a tetragonal cell with parameters a t and c t as a consequence of the Bain deformation. The degree of tetragonality is a function of the concentration of carbon (x ss α b ) [36] [37] [38] . The volume change caused by the insertion of a single carbon atom into a unit cell of body-centred cubic iron has been calculated to be ∆V C = 0.78 × 10 −29 m 3 [31] .
If it is possible to fill the total excess-space created by introducing dislocations with that needed to accommodate carbon atoms, then the number of carbon atoms able to enter a unit volume of ferrite without altering its lattice parameter is given by:
with the weight percent of carbon accommodated without altering the lattice parameter given by
where the atomic weights of carbon and iron are 12.011 and 55.857 g mol
respectively. Table 1 summarises the data for the reported dislocation density [39] . 
X-rays and segregated carbon
Modern atom probe studies of nanostructured bainite have shown carbon atoms segregated to dislocations, in a cylinder of radius ≈ 1.25 nm about the dislocation line at the centre [18] . Suppose that the change in density due to dislocations is neglected, and that in the first instance, the concentration of carbon in the enriched cylinder is rather small but equal to x ss α b (0.16 wt% or 0.75 at%). The local lattice parameter would be expanded by 4.8 × 10 −4 nm [38] . The volume fraction of such a cylinder, given a dislocation density of 6.4 × 10 15 m −2 [39] , would be V φ = 0.031.
Suppose that the segregated dislocations are treated as a separate phase φ with an body-centred cubic crystal structure but the expanded lattice parameter and volume fraction V φ in a matrix of ferrite α b , then the simulated X-ray diffraction patterns from the phase mixture are illustrated in Fig. 1 . Since all published X-ray diffraction patterns treat the ferrite as a compositionally homogeneous phase with a single lattice parameter, the carbon that is located at dislocations is basically not detected because that would require a much more detailed analysis of peak shape. The information would for all those experiments be hidden in the fitting error associated with the Reitveld refinement. Evidence from atom probe experiments [18, 40] suggests that the average concentration of carbon in a Cottrell atmosphere is about 7.4-8 at%, i.e., an order of magnitude greater than used in the calculations illustrated in Fig. 1 . Such a large concentration of carbon would lead to a major expansion of the lattice parameter in the locality, to some 0.291 nm, although some of this expansion would be compensated by the original strain field of the dislocation. But in the absence of such compensation, the diffraction pattern expected would appear as in Fig. 2 , with a small secondary peak corresponding to {1 1 0} φ within < 1
• 2θ of the main reflection. Such a secondary peak would be difficult to resolve experimentally because a typical {1 1 0} α b peak is 7-8
• 2θ in width [41] so that any low-intensity peak located within ±4
• of the exact Bragg condition would become insignificant. The problem becomes worse when retained austenite is present since the {1 1 1} γ peak is in close proximity to the {1 1 0} α b reflection, Fig. 2 . This large broadening of the experimental peak is due to the nanostructure (crystallite size broadening) and heterogeneous strains due to defects.
Not all the dislocations may carry Cottrell atmospheres; only those with the saturated atmospheres can be identified using the atom probe technique that relies on composition mapping. Free dislocations can of course be imaged in a field ion microscope rather than identified by composition mapping.
X-rays and tetragonality
Synchrotron X-ray analysis of nanostructured bainite transformed at 200
• C indicated the carbon concentration in bainitic ferrite to be 0.16 wt%, determined from the c/a ratio of a tetragonal unit cell [41] . This is far greater than expected from paraequilibrium, but consistent with atom-probe data [10, 27, 28] . On the other hand, indexing the structure as body-centred cubic ferrite, with a lower degree of fit in the Reitveld analysis, gave a lattice parameter of 0.286343±0.000009 nm, whereas that of pure iron at room temperature is 0.28664 nm [5] ; taken at face value, this would give a zero carbon content in the ferrite, clearly inconsistent with recorded values of x ss α b .
X-rays from dislocations with segregated impurities
X-ray line broadening is often used to characterise dislocations, including during investigations of nanostructured bainite [17] . The diffraction contrast used in such analyses relies entirely on the heterogeneous strains fields due to dislocations. It is these strain fields that attract the carbon atoms; it follows that their segregation must reduce the potency of the dislocations as strain centres. This is why, for example, the formation of etch-pits due to dislocations intersecting the surface of lithium fluoride crystals is reduced when the crystal contains impurities that segregate to dislocations [42] .
There does not seem to be any theory that accounts for the deduction of dislocation density in circumstances where their strain fields have been compromised by the formation of Cottrell atmospheres. The net effect should be to underestimate the dislocation density.
Interfaces
Nanostructured bainite contains a very large surface area of α b /γ interfaces per unit volume, S V = 10 8 m −1 . This is comparable to what is achieved by mechanical milling and other modes of severe plastic deformation [43] . Any carbon segregated to these interfaces could account for some of the "missing" carbon. However, atomic resolution experiments have demonstrated that there is no such segregation, the carbon concentration following a step profile on traversing from ferrite to austenite as illustrated in Fig. 3 . This could be a consequence of the high degree of coherence associated with the displacive mechanism of transformation. Fig. 3 also shows that the concentration profile at the interface extends over a distance of about 8 nm, but this is because these particular measurements were not optimised for interfacial width measurement, together with some instrumental issues [44] . The latter include small movements of atoms as they field evaporate, differences in the evaporation fields of adjacent phases leading to magnification and trajectory aberrations,larger atoms being pushed out preferentially just prior to evaporation; in addition, surface roughness may contribute to the spread. High-resolution transmission electron microscopy on bainite formed in Fe-2Si-1.4C wt% alloy indicates that the interface is in fact sharp, less than 1 nm in width [45] [46] [47] . The thickness and interfacial concentration assumed in calculations to be presented later are taken to be 1 nm and 4 at% respectively. 
Atom probe data
Depending on the energy of X-rays, the number of atoms that is probed is between 10 4 and 10 13 , which is greater than in a typical atom-probe analysis where one to tens of million atoms are collected for time-of-flight mass spectroscopy. The carbon concentration of austenite following isothermal transformation to the limiting fraction of bainitic ferrite is not constant, with smaller regions of austenite containing greater concentrations of carbon [19, 20, 28, [48] [49] [50] [51] [52] . This is because although the growth of bainite terminates when x γ ≈ x T 0 , films of austenite between the bainite plates can continue to accumulate carbon to a concentration x Ae3 ′ [19, 20] . Here x γ is the concentration of carbon in the austenite, x T 0 is that in austenite beyond which diffusionless transformation becomes thermodynamically impossible, and x Ae3 ′ is the paraequilibrium concentration of austenite that is in contact with bainitic ferrite.
What then are the implications of attempting to correlate X-ray data and those from the atom probe, and in using a number of atom probe measurements to assess the average concentration in austenite or in ferrite? Obviously, the X-ray method has to be better in assessing averaged concentrations in a heterogeneous sample. Indeed, in many cases, at least two lattice parameters are observed due to the heterogeneous distribution of carbon in films and blocks of austenite [49, [53] [54] [55] . When the austenite is not stable, two different martensite-start temperatures have been noted [56] .
A simple model was created to treat the problem of atom-probe sampling when the austenite composition is not uniform over length scales well beyond the sample sizes possible with the technique. The lowest concentration was set for the largest austenite regions, at x T 0 , and the highest at 1.5 times this value. Two forms of variations were assumed as a function of the size of the austenite, the first linear, and the second exponential (Fig. 4a) . The exponential decay accounts for the fact that the accumulation of carbon beyond x T 0 is likely to be important only for isolated thin films of austenite rather than the so-called blocky regions; this tendency is consistent with a trend observed from atom-probe data [57] . Thus, for the purposes of modelling, the austenite was effectively divided into one thousand particles, each with a different uniform concentration, Fig. 4a .
Average values (x γ ) of atom-probe determined concentrations are reported in the literature, calculated from less than 10 independent experiments on a given sample. Therefore, ten of these austenite particles in the model were picked at random and an average concentration calculated,
, where i represents a particle in the set of ten particles. This procedure was repeated 100 times to obtain the distribution of x γ , as shown in Fig. 4c . It is clear that the value of x γ obtained from ten atom probe experiments will be dependent on sampling
† .
An additional analysis was conducted where the exponential variation (Fig. 4a) was truncated to exclude half of the largest austenite regions. This is because a typical atom-probe tip is about 20 nm in thickness, and many of the reported data show films enclosed in such tips. Thus, there may be a bias towards sampling only the small regions. In cases where larger regions of austenite are sampled in the tip, the maximum extent of the austenite in the direction of the thickness of the tip is not known. The effect of the biased sampling of thin films of austenite is predicted to be a larger averaged concentration (Fig. 4c) . Distributions of the mean of ten atom-probe data sampled from specimens containing the concentration variations illustrated in (a). The truncated distribution is based on the assumption that most atom probe data do not relate to the largest fifty percent of austenite regions.
Discussion and Conclusions
It was explained in the introduction that there are discrepancies in achieving a mass balance for carbon, when the concentration of the latter is determined using either X-ray measurements of concentration-dependent lattice parameters, or using the more direct technique of atom-probe analysis. The stated uncertainties in the individual measurements would indicate that the deficit for nanostructured bainite could be in the range 0.31-2.5 at%. When deriving averaged values there will be additional uncertainties in the atom probe data, related to the non-uniform distribution of carbon in the austenite; this particular issue has not been considered when averaged values are derived from atom-probe data on nanostructured bainite. Table 2 indicates that the presence of carbon at defects could in principle explain up to 0.7 at% of the deficit when applying equation 1. However, the work presented here does not entirely solve the problem of determining the compositions of two-phase mixtures of bainitic ferrite and austenite. This is because there are a number of critical experiments and theoretical analyses necessary in order to make progress. These include:
(i) a theoretical treatment of X-ray diffraction from dislocations saturated with Cottrell atmospheres, bearing in mind that solute segregation of this kind leads to at least a partial compensation of the strain field of the dislocation.
(ii) An assessment as to whether fitting errors during Reitveld refinement of X-ray diffraction patterns are due to the assumption that the ferrite lattice has cubic symmetry.
(iii) Clarity on whether the majority of dislocations in nanostructured bainite are decorated with Cottrell atmospheres.
(iv) An understanding of why carbon does not seem to segregate to α b /γ interfaces, and further atom probe investigations to optimise the experimental conditions so that narrower composition profiles are produced, consistent with transmission electron microscopy of the extent of the transition region between α b and γ.
One aspect not discussed here is the state of residual, microscopic type-III stresses [58, 59] within the specimens of nanostructured bainite. Such stresses are inevitable given the large shape deformation accompanying the formation of such bainite [60] and should affect the determination of the carbon concentration as a function of the lattice parameters. A detailed Eshelby analysis of the role of transformation strains in determining the carbon concentration using lattice parameter equations has been reported in the context of carbide-free bainite [61] . This indicates small elastic strains in the austenite of ε 11 = ε 22 = 3.65 × 10 −5 , ε 33 = 7.3 × 10 −5 , so that the error in deducing the carbon concentration of the austenite would be of the order of just 0.01 wt% [61] . This does not exclude the role of macroscopic residual stresses in general, but the heat treatment involved in the production of nanostructured bainite should exclude these given that the transformation occurs over very long periods of time whilst the specimen is at a homogeneous temperature [62] .
